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SUMMARY

N\

\
\\.

~\ Buffet characteristics of the BGK No. 1 shockless airfoil have been
investigated. Fluctuating pressure measurements along the airfoil chord and
unsteady force balance data have been obtained in various regions inside the
buffet régime close to the onset boundary curve. The Mach number range
where buffet intensity reaches high values is determined from balance
measurements. The rms values of the fluctuating pressure show generally
monotonic increase downstream of the shock to the trailing-edge in this
speed range. Statistical data from pressure and normal force measurements
have been processed and the appearance of distinct frequency peaks in the
power spectral density curves has been detected in the speed range 0.7 <
M., < 0.78. The coherence between pressure signals and pressure and force
signals has also been investigated.

RESUME

Les caractéristiques de buffeting du profil sans shoc BGK No. 1
ont été étudiées. Des mesures de pression instationnaire le long de la corde
du profil et des forces instationnaires de la balance ont été établies dans
différentes zones de la domaine de buffeting au voisinage de la courbe seuil.
La gamme de nombres de Mach dans laquelle le buffeting devient intense
est établie a partir des mesures des forces de la balance. Les valeurs rms de
la pression instationnaire présentent une augmentation presque monotone en
aval du front de choc jusqu’au bord de fuite dans cette gamme de vitesses.
Des données statistiques découlant des mesures de pression et de force nor-
male ont été analysées et révélent des pics de fréquence distincts dans les
courbes spectrales, dans la gamme des vitesses 0,7 < M, < 0,78. On a aussi
examiné la correspondance entre les mesures de pression et celles de force.
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UNSTEADY PRESSURE AND FORCE MEASUREMENTS ASSOCIATED WITH
TRANSONIC BUFFETING OF A TWO-DIMENSIONAL SUPERCRITICAL AIRFOIL

kA

1.0 INTRODUCTION

Buffeting is a dynamic behaviour of an aircraft due to aerodynamic excitation arising from
random loading when flow separations on the wing are encountered. In recent years increased attention
has been given to the investigation of buffet characteristics in order to meet the design requirements
of future aircraft. This arose from the demand for greater mane iverability and gust requirements in
i the transonic flight régime. Methods for predicting buffet characteristics based on wind tunnel rigid
model testing are extremly useful and much needed in aircraft design.

e S Ra BB

i Supercritical airfoils have been found to have favourable buffet characteristics compared
with classical airfoils, at least that is the case for airfoils investigated in the NAE high Reynolds
number 2D test facility (Ref. 1). The BGK No. 1 airfoil was the first supercritical airfoil to be inves-
tigated at NAE and its buffet boundary, or rather buffet onset boundary, is reported by Kacprzynski
in Reference 2. His results were found to be in good agreement with theoretical predictions by Redeker
and Proksch (Ref. 3) using Thomas (Ref. 4) buffet onset criterion. The method used for determining
buffet onset was to osberve the analog signal from a force element of one of the sidewall balances
supporting the model, and to note the onset of oscillations. Other common methods used in deter-
mining buffet onset is to detect the divergence of the trailing edge pressure or the so-called break in
the lift curve slope. In either case buffet onset is fairly easy to determine experimentally, requiring
little sophistication in instrumentation.

LE . 21 ¢
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In order to gain more insight into the aerodynamic aspects of buffet, and not just buffet
onset, detailed investigations of surface pressure signatures are necessary. Such an investigation was
carried out at NAE with the BGK No. 1 airfoil. A number of pressure orifices on the upper surface of
the airfoil model were connected to fast response miniature transducers and the signals recorded on
FM tape for further analysis. The investigation was carried out in the Mach number range 0.5 to 0.8
at chord L.cynolds numbers of 15 to 21 X 106. Both constant incidence and step-pause incidence runs
were performed. The constant incidence runs were of sufficiently long duration so that spectral,
correlation and coherence functions for force and pressure data could be obtained. The step-pause
runs were only processed to give rms values of the force and pressure fluctuations.

LA )

LA KT Ry

The wind tunnel tests were carried out in conjunction with a series of other investigations in
the NAE 2D test facility involving the BGK No. 1 airfoil and reported on in Reference 5. This report
gives a brief description of the experimental arrangements and the procedure for data processing. The
main emphasis in the report is in the presentation of the statistical data of the investigation and a dis-
cussion of them., It should be noted that convection effects and spatial decay are not treated but will
be the subject of an ensuing report.

BADSC I Mol W .

2.0 MODEL AND INSTRUMENTATION

L e Ta it LY

The model (Fig. 1) was the same as that used by Kacprzynski (Ref. 2). Six Kulite TQ 360

25 psid transducers were closely coupled to six ports in the ‘south’ pressure connector on the model
(Figs. 2 and 3). When these transducers were connected, the normal south male pressure connector
was disconnected and left open to plenum pressure. The transducers were connected with the ‘reference’
side to the wing and the ‘measuring’ side to the plenum. (The reference side has a considerably smaller
volume than the measuring side for these transducers.) The frequency response of the installed trans-
ducers was calibrated and established to be flat up to approximately 200 Hz. The location of the

) pressure ports connected to the transducers is shown in Figure 4. The normal pressure scanning sys-

] tem was inhibited for this investigation. The force balance fluctuating signal was obtained from the
s ‘north’ downstream flexure N, located at 0.726 chord, which was close to the expected centre of the

buffet force. All unsteady signals were recorded on FM tape for subsequent analysis.

LS AL DR pU40.984




L.

§ PRI

PGy -

)

SN

.
o %

B i)
I Y SRR Ry WA

A -

- 0
A

3.0 TEST FACILITY

The test facility is described in Reference 6. Those aspects of the facility and instrumentation
relevant to the present investigation that differ since Reference 6 was published, are reported in
Reference 5. The porosity of the top and bottom walls in these tests was 19.3%.

4.0 TEST PROGRAM

The wind tunnel tests were carried out in December 1978 and constituted phase ‘C’ of
‘Supplementary Investigation of BGK No. 1 Airfoil’ (Ref. 5). The tests covered the following ranges
in Mach number, angle of incidence and Reynolds number:

Mach number range: 0.501 < M, < 0.805
Incidence range: -0.36 < o < 11.74
Reynolds number range: 15 < Rex10-% < 21

Table 1 shows a summary of the wind tunnel runs for fluctuating pressure and force meas-
urements. Corresponding to each Mach number and angle of incidence, a steady state pressure scan for
the airfoil was obtained separately and reported in Reference 5.

5.0 DATA REDUCTION

The free stream quantities M., q.. and p.. were determined from the measured reference
quantities P, and P, — P45 r and applying appropriate corrections between the 45R static pressure
reference station and the test section in accordance with empty tunnel calibration results.

The geometric incidence «, is that of the midspan section of the model. It is derived from
the readings of the ‘north’ and ‘south’ balance potentiometers and allowing for the twist of the model;
the ‘south’ balance does not react to any moment. Thus

3
¥ =an - (aN-ag) -

The transducer and the normal force balance component N, analog signals were recorded
on FM tapes. These were later digitized and sampled at 1 kHz. The data were further filtered using a
four-pole low pass active filter with roll-off at approximately 300 Hz.

A computer interactive program was developed to select the portion of the signals to be
analysed. A Genisco 1000 graphics terminal was used to display the raw data on the screen of the
terminal. The intervals, where analyses were to be carried out, were determined by the motion of the
‘joystick’ and a dataset was prepared for statistical analyses. For all cases requiring statistical pro-
cessing 8192 data points were used, which corresponded approximately to eight seconds of recorded
data.

The six Kulite pressure transducers and the force balance component N, signals were
processed and statistical data such as spectra, auto correlation, cross spectra, cross correlation and
coherence were obtained from computer programs written by Rabine, Schafer and Dlugos (Ref. 7)
and Carter and Ferrie (Ref. 8). The rms values for the pressures and normal force were expressed in
coefficents as follows:

' prms
C = —
Qw
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'_‘:.'; For completeness in presentation, the definitions for the statistical properties of two time
_"_ function x(t) and y(t) are given as follows:
b . 1 T
Auto correlation function R (r) = im = [ xt)x(t+7)dt
- x T3>0 T o
. Power spectral density S =2 f R (nei2"dr
=4 [ Ry(r)cos2rfrdr
[+
lim 1 7
Cross correlation function Ryy(7) = oo T of x(t) y(t +7) dt
& Cross power spectral density Sxy( =2 f Ry (nei2ringr
- l S |2
™= ()
e Coherence function 7,2“, AL
- S, () Sy (f)
:'.Ej Note that all data presented here are uncorrected for wall interference effects. The statis-
\ tical results are unaffected by wall effects, but the free stream flow conditions are slightly influenced.
The corrections to Mach number and angle of attack, if required, can be obtained from equivalent
N ‘steady’ run results presented in Reference 5.
6.0 PRESENTATION OF RESULTS
All results are presented in graphical form. In Table 1, runs marked with + indicate force
3 balance component N, measurements are not available. Statistical data are only given for those runs
marked by an asterisk, since they are of sufficiently long duration to make the analysis meaningful.
'-_ : For runs No. 20937 — 20939, which are at constant incidence, statistical data have been processed but
:f:i are not included in this report, except for the fluctuating pressure coefficients C;, . Upon inspection

the statistical data for these runs were found to be nearly identical to those for runs 20949, which
b are included.

. -
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All pressure transducers are labelled from ‘A’ to ‘F’ as shown in Figure 4. The force balance
element N, is labelled ‘G’.
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7.0 DISCUSSION OF RESULTS

Figure 5 shows a typical output of the transducer signals ‘B’, ‘C’ and ‘D’ together with the
angle of incidence versus time for a step-pause incidence run. To analyse the data for any angle of inci-
dence, the interactive computer program was used to prepare a dataset at the desired incidence for
analysis.

Figure 6 shows the fluctuating normal force coefficient C’N ) plotted versus M_, and C, .

Redeker’s and Proksch’s (Ref. 3) theoretical buffet onset prediction and Kacprzynski’s (Ref. 2)
experimental results for the BGK No. 1 airfoil are included to show the various regions in the vicinity
of the buffet onset boundary where the present tests were conducted. It is of interest to note that the
buffet intensities, as indicated by the fluctuations from the normal force balance, are most severe in
the Mach number range 0.7 — 0.78 for C; between 0.8 — 1.1. In this transonic Mach number range
observations of the steady state C,, plots in Figures 11(g) to 17(g) indicate fairly strong shocks and

flow separations extending from the shock to the trailing-edge.

The variations of C versus x/c are shown in Figure 7. Also shown are the approxunate
shock locations inferred from steady state pressure data included in Figures 8 to 15. The large C

from transducer ‘A’ for run No. 20944 is most certainly due to shock oscillation. The steady stabe
C, plot for this run condition is available from unpublished data, Figure 10(g), and shows the location

of the shock to be just over or very close to the transducer measuring station. The relatively small
values of C;, at ‘A’ for runs 20937, 20953 and 20954 are consistent with the shock being too far

downstream of the ‘A’ position to have any significant effect on the fluctuating pressure, or the
absence of a shock (20954).

Corresponding to those runs in Flgure 6 where the buffet intensity if fairly large (i.e. in the
range 0.7<M_ <0.78,0.8<C; <1.1), C in Figure 7 also shows relatxvely larger values than those
outside this range in M., and C; . Another pomt to be observed is that C for these runs increases

downstream from the shock and attains a maximum value at the transducer closest to the trailing-
edge which is x/c = 0.95 for these tests. Note also that for runs 20937 and 20940, where the shock

is close to the ‘B’ station (60% chord), the C;, values are markedly higher than for the next station
(70% chord).

Figures 8 to 15 show the statistical properties for representative runs in various regions
inside the buffet régime close to the buffet boundary. The symbol ‘Y’ represents the function (spec-
trum, auto correlation, etc.) and the following single letter or double letter indicate basic or joint
properties respectively. The units for pressure and force are in psi and Ibs respectively. Hence the
spectra are in psi2 /Hz or b2 /Hz for pressure and force measurements respectively and they are
expressed in db. For cross spectra between pressure transducer and force balance, the units are in
psi-lb/Hz. The cross correlation functions are plotted for all delays 7 positive. To convert to the more
conventional positive and negative 7 form, simply set the time scale for 7 = 0 at 0.512 seconds and all
delays are then measured in positive and negative time directions from that point. For light buffeting
(runs 20948, 20940, 20953 and 20954) outside the speed range of 0.7 <M < 0.78, the power spectral
density curves do not exhibit distinct frequency peaks. However, in the region of strong buffet distinct
frequency peaks are observed. These peaks have a fundamental frequency, which increases with M.,
along the buffet boundary (approx. 45 Hz for run 20946 at M., = 0.703 to 70 Hz for run 20951 at
M., =0.784). (The first harmonic is also detected in most cases.) This frequency is substantially lower
than the model resonance frequency and flow studies of the wind tunnel do not reveal any oscillations
in this frequency range. Unfortunately, the transducer A at x/c = 0.3402 malfunctioned in many of the
runs. Experiments correlating the shock motion with the oscillations in the pressure measurements down-
stream will undoubtedly shed more light on the nature of the frequency peaks detected in the power
spectral density curves.
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Observations of the phase curves for the cross power spectral density plots indicate that for
some transducer pairs at certain run conditions, a convection velocity is detected. The data will be
analysed for convection effect and spatial decay, and will be reported at a later date.

The coherence functions between transducer pairs show similar characteristics in the Mach
number range 0.7 to 0.78, that is, strong coherence in the frequency range where oscillation in the
fluctuating pressure occur. Outside this speed range, the coherence functions resemble those for
random fluctuations.

The correlation between individual transducers with the force balance output indicate that
within the range 0.7 <M_, < 0.78, the coherence between transducer and force balance measurements
is strong in the frequency range where noticeable oscillations in the unsteady pressure field are de-
tected. It is clear that the unsteady normal force is primarily due to pressure fluctuation in the
separated flow region on the airfoil from the shock to the trailing-edge.

The C; plots included at the end of Figures 8 to 15 are taken from Reference 5 except that

for Figure 10 which is from unpublished data. These data are provided so that the present results can
be related to the mean flow conditions over the airfoil, namely, shock position and flow separation.
Even though these results were obtained from separate runs, the flow conditions were practically the
same as those for the present test.

8.0 CONCLUSIONS

A study of the buffet characteristics of the BGK No. 1 airfoil was carried out by measuring
the fluctuating pressures along the airfoil chord and the normal force balance outputs. The tests were
performed in various regions inside the buffet régime. In therange 0.7 <M_, <0.78and0.8 <C <1.1,
balance measurements show the buffet intensity to be fairly large relative to other regions, even
though all the tests were performed very close to the onset boundary. Typical characteristics of the
flow in the high intensity region are: a monotonic increase in the fluctuating pressure coefficient
downstream of the shock to the trailing-edge, a significant increase in fluctuating pressure level when
a shock wave is located clcse to a measuring station, and the appearance of distinct frequency peaks
in the power spectral density curves. Also, a strong coherence is observed between the fluctuating
pressures in the separated flow region and the force balance outputs. For some transducer pairs, a
convection velocity is detected from the phase curves in the cross power spectral density measurements.
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.-. TABLE 1

SUMMARY OF WIND TUNNEL RUNS AT 19.3% WALL POROSITY

N W/TRun | M. | P (psia) | Q(psi) | Re, X 10-6 o C.
20935* | 0.775 64.9 18.3 15.3 - 0.29, 2.57, | 0.306,0.754,
3.56, 4.58, | 0.845,0.862,

‘ 5.60 0.873 -
7, 20936+ | 0.775 64.9 18.3 15.3 - 0.31, 2.57, | 0.302, 0.769, ’
iyl 2.89, 3.18, | 0.814, 0.845,

- 3.56 0.858
- 20937* | 0.774 64.8 18.3 15.3 3.57 0.859
2 20938* | 0.774 64.8 18.3 4.60 0.865
- 20939* | 0.774 64.8 18.3 4.60 0.865

N *20940* | 0.775 64.8 18.3 15.3 2.55 0.762
|
: | 20941* | 0.754 89.8 245 21.0 - 0.32, 2.61, | 0.292,0.723,

N 3.62, 4.64, | 0.863,0.945,

: 5.65 0.940

; 20943* | 0.753 90.1 24.5 21.1 - 0.34, 2.62, | 0.290, 0.733, -
3.64, 4.64, | 0.869, 0.951, o

_ 5.66 0.943 .

5 *20944 | 0.753 90.1 245 21.1 5.66 0.945

& 20945 |0.703 95.8 23.8 21.3 - 0.31, 6.77, | 0.278, 1.077,

o 8.71 1.020

_ *20946 | 0.703 95.6 23.8 21.3 6.77 1.069
- 20947 [0.501 | 120.1 17.7 21.0 - 0.25, 8.76, | 0.248,1.126, -
" 10.76,11.73 | 1.151,1.128 \
R *20948 |0.501 | 1201 | 17.7 21.0 11.74 1.124 -

*20949 | 0.775 64.9 18.3 15.3 4.61 0.868 '

20950 | 0.783 87.8 25.1 21.0 - 0.34, 2.55, | 0.304,0.756, 3

3.55, 4.57, | 0.807,0.820, -

5.60, 6.61 | 0.827,0.840 2

*20951 | 0.784 87.8 25.1 21.0 3.56 0.806 &
" 20952 | 0.805 86.2 25.5 20.9 -~ 0.36, 2.01, | 0.313,0.667,
- 2.50, 3.00, | 0.694,0.712,
= 3.51, 4.02 | 0.728,0.741

. *20953 | 0.805 86.2 25.5 20.9 3.52 0.727
*20954 | 0.805 86.2 25.5 20.9 - 0.36 0.314
N'

E +  Balance measurements not available.

*  Statistical data for these runs are given in this report.
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SUMMARY/SOMMAIRE

Buffet characteristics of the BGK No. 1 shockless airfoil have been
investigated. Fluctuating pressure measurements along the airfoil chord and

unsteady force balance data have been

obtained in various regions inside the

buffet regime close to the onset boundary curve. The Mach number range

where buffet intensity reaches high
measurements. The rms values of the

values is determined from balance
fluctuating pressure show generally

monotonic increase downstream of the shock to the trailing-edge in this
speed range. Statistical data from pressure and normal force measurements
have been processed and the appearance of distinct frequency peaks in the
power spectral density curves has been detected in the speed range 0.7 <
M. < 0.78. The coherence between pressure signals and pressure and force
signals has also been investigated.
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